Introduction
Epoxides are important starting materials or intermediates for a broad variety of chemical products including cosmetics, pharmaceuticals or polymers. [1] [2] [3] Oxidations of ethylene and propylene are important large-scale industrial processes as their products are important building blocks for polymers. 1, 2, 4 A state of the art process for the oxidation of these rather simple olefins is the use of heterogeneous silver (on alumina) catalysts or gold-doped titanium-based catalysts with oxygen or hydrogen peroxide as oxidants. [2] [3] [4] However, these heterogeneous systems are not well suited for higher or more sophisticated olefin synthesis, due to harsh reaction conditions, low selectivity and other problems. 2, 4 Homogeneous catalysis may help circumvent some of the disadvantages encountered in heterogeneous systems. A prominent example of catalytic epoxidation is the Halcon-ARCO process (industrially established in the 1960s) which uses [MoĲCO) 6 ] as a pre-catalyst. 2, 5 In order to better understand and improve this process, a variety of molybdenumbased catalyst precursors have been synthesized over the past decades. [6] [7] [8] [9] [10] [11] Some of them rival or surpass the well-examined (but unfortunately quite expensive) methyltrioxorhenium (MTO) in terms of catalytic activity. 12, 13 MTO was originally established as an epoxidation catalyst by Herrmann et al. in 1991. 14 In contrast to MTO where extensive work has provided a commonly accepted mechanism, 14,15 mechanisms of molybdenum-based epoxidation reactions are still disputed. This is not surprising, however, since the structural variety of compounds applicable in epoxidation catalysis is far greater than in the case of Re. Nevertheless, in the 1970s, a generalization of epoxidation mechanisms has been attempted, producing two rather different mechanistic proposals by Mimoun 16, 17 and Sharpless et al. 18 A multi-step mechanism including olefin pre-coordination to a metal centre, followed by olefin insertion into a metal-peroxo bond was proposed by Mimoun et al. A five-membered metallacycle has been assumed to act as an intermediate. Sharpless suggested that an olefin reacts directly with one of the peroxide oxygen atoms, forming a spiro-like transition state. Many mechanistic studies followed to prove or disprove these original proposals. Thiel et al., for example, presented a study using TBHP as an oxidant for molybdenum precursors and obtained results largely in accord with Sharpless' proposal. 19 Some later DFT studies focusing on molybdenum cyclopentadienyl tricarbonyl complexes as catalyst precursors [20] [21] [22] [23] [24] showed that the energy barriers for possible intermediates during catalysis are too similar to be distinguished without further experimental evidence. Recently, fluorinated moieties were attached to molybdenum tricarbonyl complexes to get additional mechanistic evidence (via 19 F NMR spectroscopy) and to reach potentially higher activities due to enhanced Lewis activity via a more electron deficient Mo atom. 25, 26 In continuation of our previous examinations of related systems, [25] [26] [27] we utilized arylated molybdenum tricarbonyl complexes and modified them by varying the position and number of CF 3 group(s) on a benzyl moiety attached to a CpMoĲCO) 3 entity. The resulting compounds were applied in epoxidation catalysis.
Results and discussion

Synthesis and characterization
The reaction of NaĳCpMoĲCO) 3 ] with fluorinated arylbromides leads to air and moisture stable compounds 1-4 in yields of 90-95% under ambient conditions (Scheme 1). Formation of the compounds is confirmed by 1 H, 13 C, 19 F NMR spectroscopy, IR spectroscopy, elemental analysis and X-ray crystallography (Fig. 1) . When compared to literatureknown benzylated and pentafluorobenzylated derivatives, the structures of the four compounds are most similar to a pentafluorobenzylated compound with respect to the observed bond angles. 27 As the infrared spectra of complexes of the type [CpMoĲCO) 3 R] are well understood, this method was also applied here (see Table 1 ). [28] [29] [30] [31] However, the mean stretching frequencies are very similar for compounds 1-4. Therefore, 95 Mo NMR spectroscopy was utilized in order to find variations caused by the ligand substitution pattern. Downfield shifts are indicative of an increased Lewis acidity at a metal centre in the case of structurally closely related compounds. 12, 20, 27, 32 The 95 Mo NMR peak of compound 1 is the most low field shifted among the examined compounds. This is in accord with the calculated Lewis acidity of the metal centre (see the ESI † S4). It is interesting to note that one additional CF 3 group in the meta position in 4 also leads to a distinct low field shift (compared to that in 2). Tricarbonyl molybdenum complexes are usually used as precursors in oxidation catalysis since they are relatively easy to handle as they are quite air and moisture stable. A drawback is that induction periods can arise during catalysis due to the (slow) decarbonylation process prior to the formation of active species. This was observed, for example, when comparing [CpMoĲCO) 3 CH 3 ] and its trifluorinated derivative. Fluorination leads to prolongation of the decarbonylation process in that case. 26 However, the (oxidized) trifluoromethyl Mo(VI) compound is much more active in oxidation catalysis than its methyl derivative, presumably due to its enhanced Lewis acidity. Recently, we were able to demonstrate that insertion of a CH 2 bridge in arylated fluorinated and non-fluorinated molybdenum tricarbonyl complexes helps ease the decarbonylation process. 27 A further systematic account on the influence of fluorination on the catalytic epoxidation activity of Mo compounds is given below, based on varying the number and position of CF 3 groups on a benzyl moiety.
Influence of the position of a CF 3 group on catalysis
To determine the influence of the position of CF 3 on catalytic performance, kinetic studies with the benchmark substrate cis-cyclooctene using tert-butylhydroperoxide (TBHP) as oxidant have been carried out. The solvent of choice for mechanistic purposes is CHCl 3 as it was recently found that decarbonylation is quite slow in it and is therefore easier to follow and to distinguish from the catalytic epoxidation process. 20, 27 Unfortunately, as the oxidized derivatives and the active species could not be isolated a -at least at first glance -somewhat clumsy pathway to unravel more mechanistic details is necessary. Comparison of the behaviour of 1-3 shows an increasing induction period (which occurs under applied conditions only with a low excess of TBHP) with an increasing distance from the metal centre to the CF 3 moiety (Fig. 2) .
Influence of an additional CF 3 group on catalysis
If a second CF 3 group is present (compound 4) the catalytic activity is higher (TOF: 2.8 h −1 ), compared to those of com-
Compound 4 is additionally compared to known pentafluorobenzylated and benzylated molybdenum tricarbonyl complexes. 27 Compound 4 has a similar activity to [CpMoĲCO) 3 BzF 5 ] (TOF: 2.9 h −1 ). This shows that the addition of two CF 3 groups to the benzyl moiety has a similar effect to full fluorination of the benzyl ring (Fig. 3 ).
Scheme 1 Synthesis and structure of the organomolybdenum tricarbonyl complexes 1-4. For the sake of comparison, compound 4 is also compared to [CpMoĲCO) 3 Cl] (TOF: 1.7 h −1 ) and methyltrioxorhenium (MTO; TOF: 4.0 h −1 ) as benchmark pre-catalysts in homogeneous oxidation catalysis (Fig. 4) . 14, 26, [33] [34] [35] However, it has to be mentioned that a comparison under these conditions has to be taken with great care, especially since MTO is (considerably) more reactive with hydrogen peroxide as an oxidant. The pre-catalyst to substrate/oxidant ratio was chosen to primarily determine the induction periods. Therefore, a comparison of turnover frequencies under optimised conditions is more useful as it leads to a more realistic appraisal of the compounds as pre-catalysts in oxidation catalysis.
Turnover frequencies, substrates and recycling
The application of benzene and hexafluorobenzene (HFB) as solvents to reach high TOFs has been reported previously. 27 In this study, hexafluoroisopropanol (HFIP) has been utilized additionally, as a previous research study shows that it is able to distinctly enhance the velocity of decarbonylation (Table 2) . 25 The obtained epoxidation activity correlates well with the Lewis acidity of the compounds (1 > 4 > 2 > 3) derived from 95 Mo NMR spectroscopy and DFT calculations (see Table 1 and ESI † S4.5). Although the differences are not very pronounced, i.e. in the same order of magnitude, it is interesting to note that the position of the CF 3 group on the aromatic ring seems to have a similar impact to an additional CF 3 group. The reason is probably that the ortho CF 3 group is located close to the metal centre, This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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leading to the observed enhanced Lewis acidity and activity in catalysis, whereas the CF 3 groups at the meta position are too far away from the centre and exercise no mesomeric effect on the α-carbon atom of the ring. Using HFIP as solvent, TOFs of over 22 000 h −1 can be obtained for compounds 1 and 4, outperforming fluorinated compounds reported previously under the same conditions (Fig. 5) . 25, 27 Compounds 2 and 4 were then chosen to oxidize more sophisticated substrates to evaluate the influence of an additional CF 3 group on catalysis (Table 3) . In all the cases, compound 4 is more active than 2, showing that the additional CF 3 group enhances -as already expected and observed for cis-cyclooctene -the overall catalytic activity. For cis-stilbene, 4 has a distinct positive influence on the activity compared to 2, outperforming some previously studied pre-catalysts. 27, 36 Although the TOF shows that this compound is only about half as active (with TBHP as the oxidant) as MTO (with H 2 O 2 as the oxidant) (40 000 h −1 ), 37 it has one substantial advantage. It is possible to recycle the active species of compound 4 for at least 10 successive runs without significant loss in activity in a two-phase reaction with the RTIL (room tempera- (Fig. 6 ). An even roughly similar recycling procedure has not been reported for MTO so far. Further tuning of these molybdenumbased complexes and epoxidation conditions might also lead to a distinct increase in activity, possibly allowing to come closer to a very well optimized MTO system. 
Mo NMR spectroscopy
Several computational and experimental studies concerning the general mechanism of epoxidation catalysis with molybdenum tricarbonyl complexes and the formation of certain species, which might also act as pre-catalysts, were performed by the groups of Poli, 23 Calhorda 24 and our group. [20] [21] [22] These examinations indicate that at least two species are formed as intermediates in the course of the reaction: a dioxo species and an oxo-peroxo species. These species, however, are apparently not the active species as they are unable to transfer an oxygen atom to an olefin without the presence of an additional oxidant. Further species formed during the epoxidation process have been noted. 20 1 H, 13 C, 19 F and 95 Mo NMR spectroscopic examinations have been applied to check the formation of more intermediates. Especially, 19 F NMR spectroscopy (which is possible due to the CF 3 group) seems to be a sensitive tool giving helpful hints on possible intermediates and the velocity of decarbonylation. The kinetic plots during the reaction with excess TBHP in 19 F NMR spectroscopy are shown in Fig. 7 . It can be seen that at least two species (for 1 and 3) are formed. For compound 4, four species are observable. The formation of a light bluish insoluble species I (see the Experimental section for the elemental analysis and mass spectroscopy), as already noted before during catalysis, 20 occurs as well. In previous studies, it was not clear, however, if an organic entity R is present in this precipitate. As fluorine is present (in this case) in 
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the elemental analysis (which is part of the ligand R), it can be now concluded that the ligand is part of the insoluble species. Nevertheless, further research is necessary to obtain better insights into the true nature of the precipitate. Interestingly, it appears that the catalytic activity of the compounds correlates with the formation of the insoluble species Table 4 . Further mechanistic investigations were carried out using compound 2. Fig. S2.7) , indicating the formation of new species, presumably dioxo and oxo-peroxo species, as reported before (changes of the shifts are due to the nonpolar solvent C 6 D 6 used in this study in comparison to previous studies performed in CDCl 3 ). 20 Additionally, the carbon of the methylene bridge is shifted downfield from 4.62 ppm (precursor) to 31.75 ppm lying in the range expected for a high oxidation state oxo-peroxo species. The methylene bridge of the dioxo species cannot be observed, possibly due to the low concentration and the fast oxo-peroxo species formation reaction. Also, two new cyclopentadienyl (Cp) signals (precursor with a shift at 95.35 ppm in C 6 D 6 ) at 81.02 ppm and 69.92 ppm are observed, which may be attributed to oxo-peroxo and dioxo species (see Fig. 8 ). A closer look shows that there are several more Cp signals, which might be the reason for the observation of a third species in the 19 F NMR spectra (see the ESI † Fig. S2.8) . However, it appears reasonable to assume that the oxo-peroxo and dioxo species are the main species formed in the catalytic oxidation of compound 2 with TBHP. As previously reported, the presence of both a substrate and an oxidant has a great influence on the formation of different active species. 20 As
19
F NMR spectroscopy has been proven to be a sensitive tool in the investigation of different intermediates in the reaction of a pre-catalyst with an oxidant, it was also chosen as a suitable method for examining the reaction of the carbonyl catalyst precursors with an oxidant and a cis-cyclooctene substrate (Fig. 9) . It shows that slower decarbonylation of the pre-catalyst is apparent in the presence of both a substrate and an oxidant (most likely due to the competition for oxidation) and that one intermediate is favoured (in contrast to the reaction without a substrate -see Fig. 8, upper right) . Slower decarbonylation is both evident in Additionally, 5% of the by-product (the insoluble light blue species) is formed (20% without a substrate). However, it has to be mentioned that the 13 C NMR spectra hints at only two main species. A possible explanation for the differences F NMR spectroscopy in 0.5 ml of C 6 D 6 using HFB as the internal standard. View Article Online in the 19 F NMR spectra is that in the latter case, additional shifts might arise from a changed geometry of the CF 3 group. As reported before in DFT calculations for the [CpMoĲCO) 3 CF 3 ] compound, one C-F bond can be elongated and be part of possible interactions with the proton of the oxidant or the molybdenum centre. 21 This change in geometry would lead to the observed additional peaks. Additional DFT calculations with the here reported (more active) fluorinated compounds could help obtain further insights into possible C-F⋯HOOR or C-F⋯Mo centre interactions.
Conclusion
Four new CF 3 -substituted benzyl molybdenum tricarbonyl complexes have been synthesised, characterised and applied in the oxidation of cis-cyclooctene. Differences in reactivity can be largely attributed to different electron densities at the metal, leading to different decarbonylation velocities and epoxidation abilities. This interpretation is supported by 95 Mo NMR spectroscopy and DFT calculations. The complexes have also been compared to some benchmark epoxidation catalysts. Addition of a second CF 3 group (in 4) on the benzyl moiety leads to an increase in activity. It was therefore possible to reach TOFs of >22 000 h −1 using HFIP as solvent. The position of the CF 3 group apparently also plays an important role, as compound 1 is more active than 4 -which has one additional CF 3 group -probably due to the location of the CF 3 group which is closer to the molybdenum centre. Moreover, it is possible to recycle the active species for at least 10 runs without loss in activity. It is also possible to oxidise other olefins with 2 and 4, showing their broader applicability in the oxidation of olefins and, again, the influence of the additional CF 3 group. Further, 1 H, 13 C and 19 F NMR kinetic studies made it possible to obtain insights into the nature of the intermediates (dioxo and oxo-peroxo species) during the reaction with TBHP. 19 F and 13 C NMR kinetics with the addition of a substrate reveal a somewhat modified reaction pathway, favouring one intermediate over the other. As the characterisation of the intermediates is difficult but crucial for further evaluation of a possible mechanism, the findings presented here are helpful in providing a new strategy to obtain one specific intermediate in high yields by adding a substrate. Therefore, future work will focus on the influence of different substrates on the formation of intermediates during the catalytic epoxidation reaction, possibly enabling different intermediates with different substrates.
Experimental section
Material and methods
All experimental synthetic work was carried out using standard Schlenk techniques under argon atmosphere. Catalytic reactions were performed under laboratory atmosphere. Solvents were dried using standard procedures and stored under argon atmosphere over molecular sieves. Commercially available chemicals are used as received, unless stated otherwise. High-resolution NMR spectra were recorded using a Bruker Avance DPX-400 spectrometer ( 6 in C 6 D 6 at −1856 ppm). IR spectra were recorded on a Varian ATR-FTIR instrument. Single crystals suitable for X-ray diffraction were grown by slow diffusion of diethyl ether into saturated solutions of 1-4 in dichloromethane.
Synthesis and characterisation
The organomolybdenum complexes [CpMoĲCO) 3 Bz-o-CF 3 ] (1), [CpMo(CO) 3 Bz-m-CF 3 ] (2), [CpMo(CO) 3 Bz-p-CF 3 ] (3) and [CpMo(CO) 3 Bz-m-(-CF 3 ) 2 ] (4) as well as literature-known molybdenum and rhenium based complexes [CpMo(CO) 3 Bz], [CpMo(CO) 3 BzF 5 ], [CpMo(CO) 3 Cl] and methyltrioxorhenium were synthesised according to procedures in the literature. 22, 25, 38, 39 (1) [CpMoĲCO) 3 View Article Online
